Motivation: Simple sequence repeats (SSRs) or microsatellites have been found abundantly in many genomes. However, the significance of distribution preference has not been completely understood. Completion of the Ara bidopsis genome sequencing allows us to better understand and characterise microsatellites.
INTRODUCTION
Simple sequence repeats (SSRs) or microsatellites, comprising 1-6 base pair (bp) long units, occur frequently and are ubiquitously interspersed in many genomes (Gur-Arie et al., 2000; Toth et al., 2000) . They are generally thought to vary through the effects of replication slippage and unequal recombination (Richards and Sutherland, 1992; Schlottere and Tautz, 1992; Khajavi et al., 2001) . Microsatellite distribution obviously differs between various genomic fractions; they preferentially associate with nonrepetitive sequences (Morgante et al., 2002) , and some patterns of repeat predominant in certain genomic locations (Hancock, 1995; Toth et al., 2000; Borstnik and Pumpernik, 2002; Subbaya et al., 2003) . The difference in microsatellite distribution reflects the tendency of mutational processes to create certain repeat patterns under selective pressure (Darrell et al., 1995) . 3 The significance of microsatellite preference in different regions has not been completely understood. However, some microsatellites occurring in flanking regions of coding sequences are believed to play significant roles in regulation of gene expression by forming various DNA secondary structures and offering a mechanism of unwinding (Catasti et al., 1999) . The variation of length and unit type of simple repeats in upstream activation sequences might influence transcriptional activity (Kim and Mullet, 1995; Epplen et al., 1996; Kashi et al., 1997; Martienssen and Colot, 2001) , and affect interaction with different regulatory proteins during translation (Lue et al., 1989) . Completion of the Arabidopsis genome sequencing allowed us to better understand and characterise microsatellite distribution (The Arabidopsis Genome Initiative, 2000).
METHODS
The complete Arabidopsis genome sequence and all annotation (GenBank accession numbers. NC_003070, NC_003071, NC_003074, NC_003075, and NC_003076) were downloaded from the FTP site of National Center for Biotechnology Information (ftp://ftp.ncbi.nih.gov/genomes/A_thaliana/). Sequence classifications were based on the genome annotation provided by TIGR (The Institute for Genomic Research). Intergenic regions were defined as being a part of DNA from the end of the last exon of one gene to the beginning of the first exon of the following gene (Hancock, 1995) . 10210 full-length, nonredundant Arabidopsis cDNA sequences containing both 5' and 3'UTRs, together with rice genomic sequences from chromosome 1 (Sasaki et al., 2002 ), 4 (Feng et al., 2002 , 10 (Rice Chromosome 10 Sequencing Consortium, 2003) and 7 were extracted from GenBank.
In the addition, 1441 nonredundant 5'UTR sequences from rice genes, as well as 1979 3'UTR sequences were downloaded from the FTP site of the UTR database (ftp://bighost.area.ba.cnr.it/pub/Embnet/Database/UTR/) (Pesole et al., 2002) .
All microsatellites of various types in the sequences of coding regions, introns and intergenic fractions were identified using programs written in Perl. Briefly, we considered a DNA sequence as a string, N 1 N 2 N 3 N 4 N 5 …N i …N n-1 N n . To detect a tandem repeat of size (k=1-6) at position i, the subsequence N i …N i+k-1 was compared with the subsequent one starting at positions N i+k , N i+2k , N i+3k , …. A perfect repeat was detected when it contained at least three consecutive units with the maximum basic motif, as well as 3, 3, 4, 6 and 12 consecutive units for penta-, tetra-, tri-, di-and mononucleotides, respectively. Classification of microsatellite by unit type was carried out as described by Jurka and Pethiyagoda (1995) , and repeats that were circular permutations and/or reverse complements of each other were grouped together as one type. The frequencies (per Mb) of all theoretically possible nonredundant microsatellite types of 1-6 bp length motifs were analysed.
RESULTS

Distribution of microsatellites in various genomic regions
The frequency of microsatellites of different types in various genomic regions is shown in Table 1 . All microsatellites except tri-and hexanucleotides were significantly less frequent in the coding sequences compared with the intergenic and intronic regions. Trinucleotides, the predominant repeats, followed by hexanucleotides, account for 92.6% of all microsatellite content found in the coding sequences. Among microsatellite distributions, an interesting feature was that simple repetitions comprising only pyrimidines were extremely rare in all of the fractions investigated, and particularly, GC repeats were absent in the gene regions.
It was observed that all types of A-rich repeat were prominent in the introns and intergenic regions, although hexanucleotide repeats were theoretically classified to 350 types. When the extended classes of (A) n T, (A) n C, and (A) n G (where n denotes number one to five) were analysed in terms of their occurrences in various genomic fractions, it was surprising that the frequency of (A) n C repeat group in introns was the most abundant, while the intergenic sequences had higher frequencies of (A) n T and (A) n G repeat groups (Fig. 1) . Another interesting finding was that there was an increasing frequency of (A) n T, rather than (A) n C or (A) n G repeat groups, from coding regions, to introns to intergenic fractions. This implies a greater pressure for different kinds of (A) n T repeats than for (A) n C or (A) n G repeat groups during evolution.
Triplet distribution was preferentially associated with the codon usage
Triplet frequencies differed significantly in coding regions, being highest for AAG repeats and increasingly lower on moving to those with inefficient codon usage such as CCG and CCC. We observed a highly significant, positive, linear relationship (r 2 =0.74, P<0.001) between triplet frequency and codon usage in coding sequences (Fig. 2 ). This result indicated that, in Arabidopsis coding regions, difference in various triplet distributions mainly resulted from codon usage bias. Additional support for this distribution preference associated with codon usage was that, by contrast, there was no significant linear relationship for the triplet frequency in introns (r 2 =0.07, P>0.1) and intergenic regions (r 2 =0.08, P>0.1).
Characterisation of microsatellites in both flanks of genes
Further analysis showed that the frequency of microsatellites in 500bp upstream regions close to genes was more abundant compared not only with that expected in the genome (483.9 counts per Mbp or about 0.05 counts per 100bp), but also with that in downstream sequences in Arabidopsis (Fig. 3a) . 5'UTRs had respectively an almost 2.6 and 6.5 fold higher frequency than that in intergenic fractions and coding regions, with AG and AAG repeats contributing most to this increase (Fig. 3b) ; microsatellite distribution in 3'UTRs close to genes was similar, but with less abundant AG and AAG repeats, and moderate differences of some other patterns, compared to the intergenic regions as a whole (Table 1 ). In the studied regions of transcribed strands, the preference of the complementary motifs of AG/CT and AAG/CTT repeats varied greatly from 5'UTRs, coding regions to 3'UTRs, with prominence of CT and CTT sub-motifs in 5'UTRs and over-representation of AAG sub-motifs in coding fractions but no significant difference in 3'UTRs (Table 2) . These data led to the conclusion that selective pressure obviously differed in the three regions, with positive selection of AG and AAG repeats in upstream regions significantly distinct from the pressure imposed on coding fractions, with little effect in downstream regions. This was confirmed by the observation that the frequency of microsatellites was significantly higher in the upstream regions close to genes than in any genomic fractions in rice, but here CCG repeats accounted for the most of the increase (Fig. 3c,d ).
We identified 1140 genes, accounting for 11.2% of all the full-length Arabidopsis genes extracted from GenBank, that contained at least one locus of AG or AAG repeats in 500bp
regions of their 5'ends. Of the 653 genes of known function (The Gene Ontology Consortium, 2000), most (70.4%) were associated with cellular components (Table 3) . However, when this set of genes was compared with >4500 Arabidopsis genes of known function that have no microsatellites in the close 5'UTRs (Table 3) , a functional bias was observed -those genes whose upstream regions contained at least one locus of AG or AAG repeats preferentially performed molecular functions, with over-representation of encoded proteins involved in transcription (increasing from 29.6% to 40.9% in the category of molecular function).
DISCUSSION
The present study shows that the frequency distribution of repeat motifs differs between genomic regions. All extended classes of A-rich repeats, except the relatively rare (A) n T repeat groups occurring in coding regions affected by intensive selection pressure, were prevalent in both coding and non-coding regions. Similar distributions of microsatellites were also found in some other eukaryotic genomes (Toth et al., 2000; Subbaya et al., 2003) . The possible explanation for the biases of repeat motifs among the genomes could be that all these A-rich repeats might evolve from the original polyA stretches; the (A) n T repeat group was more sensitive than other classes to evolutionary constraints and was eliminated in coding sequences partially due to the selection against the stop codon, and partly to the selection of mRNA stability by avoiding AU, which is susceptible to RNAse activity (Beutler et al., 1989) . Alternatively, the abundance of A-rich repeats was positively selected by the specific structure and the effect on DNA replication in non-coding regions.
Coding repeats, however, appear to be under much stronger and more specific constraints.
It was noted that within triplet classes, the frequency of triplets in different types varied significantly depending on codon usage bias, while microsatellites other than triplets were eliminated to avoid the frameshift mutations in coding regions (Metzgar et al., 2000) . This preference was beneficial to mutations of coding repeat expansions by not decreasing the efficiency of gene translation. Overall, the characteristic distribution of coding repeats was mainly due to selections against frameshift mutations and adaption for codon usage bias during genome evolution (Metzgar et al., 2000) .
Comparison of microsatellite occurrences showed that the loci of simple repetitions were 2×3 contingency 2 tests were used for heterogeneity of AG/CT and AAG/CTT frequencies among the three regions of the transcribed regions, using total counts. ** is significant at the 0.005 level. 11.23** Functional classification of genes, according to Gene Ontology Consortium, and those genes were categorized as biological process, cellular component, and molecular function in independent attributes. A 2×3 contingency 2 test was used for distinction of gene function between the set of genes that have no any repeats in 5'UTRs and the set of genes that contain at least one AG or AAG microsatellite locus in their 5'ends. ** is significant at the 0.005 level. Window size is 100 base pairs.
* Only frequencies for which the total count number was greater than 10 were calculated, and frequencies of microsatellites in 3'UTRs after excluding the polyA repeat motif.
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